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Aims

To create a general physiologically based pharmacokinetic (PBPK) model for drug
disposition in infants and children, covering the age range from birth to adulthood,
and to evaluate it with theophylline and midazolam as model drugs.

Methods

Physiological data for neonates, 0.5-, 1-, 2-, 5-, 10- and 15-year-old children, and
adults, of both sexes were compiled from the literature. The data comprised body
weight and surface area, organ weights, vascular and interstitial spaces, extracellular
body water, organ blood flows, cardiac output and glomerular filtration rate. Tissue:
plasma partition coefficients were calculated from rat data and unbound fraction (f,)
of the drug in human plasma, and age-related changes in unbound intrinsic hepatic
clearance were estimated from CYP1A2 and CYP2E1 (theophylline) and CYP3A4
(midazolam) activities in vitro. Volume of distribution (V4), total and renal clearance
(CL and CLg) and elimination half-life (¢,,,) were estimated by PBPK modelling, as
functions of age, and compared with literature data.

Results

The predicted V4 of theophylline was 0.4-0.6 | kg™' and showed only a modest
change with age. The median prediction error (MPE) compared with literature data
was 3.4%. Predicted total CL demonstrated the time-course generally reported in the
literature. It was 20 ml h™" kg™' in the neonate, rising to 73 ml h™' kg™' at 5 years and
then decreasing to 48 ml h™' kg™' in the adult. Overall, the MPE was —4.0%. Predicted
t1, was 18 h in the neonate, dropping rapidly to 4.6-7.2 h from 6 months onwards,
and the MPE was 24%. The predictions for midazolam were also in good agreement
with literature data. Vs, ranged between 1.0 and 1.7 | kg™ and showed only modest
change with age. CL was 124 ml h™' kg™ in the neonate and peaked at 664 ml h™'
kg™ at 5 years before decreasing to 425 ml h™' kg™ in the adult. Predicted t,,, was
6.9 h in the neonate and attained ‘adult’ values of 2.5-3.5 h from 1 year onwards.

Conclusions

A general PBPK model for the prediction of drug disposition over the age range
neonate to young adult is presented. A reference source of physiological data was
compiled and validated as far as possible. Since studies of pharmacokinetics in
children present obvious practical and ethical difficulties, one aim of the work was to
utilize maximally already available data. Prediction of the disposition of theophylline
and midazolam, two model drugs with dissimilar physicochemical and pharmacoki-
netic characteristics, yielded results that generally tallied with literature data. Future
use of the model may demonstrate further its strengths and weaknesses.

© 2004 Blackwell Publishing Ltd
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Introduction
There is a paucity of data on the pharmacokinetics and
pharmacodynamics of many drugs in infants and children
[1, 2]. Consequently, dosing is often based on various
arbitrary descriptors of body size. There is a growing
understanding of the physiological and biochemical
factors that affect drug disposition in children [2-5].
However, these findings must be translated into pharma-
cokinetic parameter values and then into dosing recom-
mendations. This process requires the combining of
patient-related and drug-related data from various
sources, which can be done by physiologically based
pharmacokinetic (PBPK) modelling [6]. As yet, the latter
has been applied to children in only a few cases, first to
predict body and organ exposure to environmental pollut-
ants [7-9], and very recently [10] to compare the disposi-
tion of caffeine and theophylline in neonates and adults.
Comparative PBPK modelling of a drug in patients of
various ages requires a realistic description of the phys-
iology, in this case of infants and children, but no data-
base or reference source containing all the necessary data
has yet been published. Thus, children have been repre-
sented by generic models comprising four or five organ/
tissue compartments: liver, (brain or kidney) and well-
perfused, poorly perfused and adipose tissue [7-10]. A
recent volume of the Annals of the International Com-
mission on Radiological Protection (ICRP) [11] now
gives comprehensive organ/tissue weight data for the
neonate, 1-, 5-, 10- and 15-year-old children, and adults.
The aim of this study was to create a general PBPK
model for drug disposition in infants and children, cov-
ering the age range from birth to adulthood, and to
evaluate it with theophylline and midazolam as model
drugs. Since studies of pharmacokinetics in children
present obvious practical and ethical difficulties, a fur-
ther aim of the work was to utilize maximally data
already available in the literature.

Methods
Physiological characteristics of organs and tissues

Body weight and surface area Body weights (BW)
were those compiled by the United States National Cen-
ter for Health Statistics (1977) and cited in a recent
textbook of paediatrics [12] and in part by Fomon ef al.
[13]. Other reference sources [3, 11, 14] give very sim-
ilar values. Body surface area (BSA) was calculated
from weights and heights given in the references [12,
13], using the formula of Haycock er al. [15].

Organ/tissue weights ICRP data were used for adults,
and are assumed to be applicable to the age range 20—
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50 years [11]. In order to predict organ/tissue weights in
children of ages other than those given in ICRP, the
equations derived by Haddad et al. [3] were used, pro-
vided that these equations and the ICRP data gave sim-
ilar estimates overall (<15% deviation). In some cases,
a choice between these or other sources [13, 14, 16] had
to be made based on biological plausibility and consis-
tency of the total model (see Discussion).

Blood flow and cardiac output For most organs/tis-
sues, specific blood flows (in I min™" per kg tissue) cal-
culated from adult data [17] were adopted, as described
previously [18]. Other sources were consulted for brain
[19-21], muscle [22] and skin [22, 23]. Kidney blood
flow as a function of age was estimated as described by
Hayton [24], based on data from Rubin et al. [25]. Total
liver blood flow (Qpy) in the infants and children was
assumed to be proportional to BSA [26] and estimated
from:

Ouienitay = (BSAud BSA sau) X Qrigadunr) (D

Blood flows to the liver and the prehepatic organs were
calculated in relation to total liver blood flow, retaining
the ‘adult’ [17] proportions between hepatic arterial
flow and the respective blood flows through the stom-
ach, intestine, spleen and pancreas. The sum of systemic
blood flows is equal to the cardiac output (CO), values
for which were obtained from the literature [11, 27, 28].
CO is often normalized to BSA and expressed as cardiac
index (CI) in 1 min™" m™ [27].

Vascular and interstitial spaces of organs/tissues Data
on the vascular spaces (in vivo blood content of the
capillaries) and on interstitial spaces were compiled
from earlier publications [18, 29-33]. The sum of cap-
illary volumes should be a reasonably constant fraction
of the total blood volume. The interstitial spaces, plus
the plasma volume and the water contents of the gas-
trointestinal tract, should add up to the total extracellular
water (ECW) volume. These estimates were compared
with published values [11, 13, 14, 32, 34]. The fractional
interstitial volumes of muscle and adipose tissue are
considerably greater in infants and small children than
in the adult [29, 31, 33]. Those of the other organs/
tissues were assumed not to depend on age.

Drug distribution in blood

Plasma protein binding of theophylline and midazolam
in the infants and children were calculated from the
age-related change in serum albumin concentration [35].
For theophylline, an unbound fraction (f,) of 0.56 was
assumed for adults [36]. A blood : plasma concentration



ratio (A) of 0.82 has been determined [37]. This corre-
sponds to an erythrocyte : plasma concentration ratio
(r.) of 0.56, consistent with the assumption that there is
no binding of theophylline in the erythrocytes, i.e. that
r. = f,. For midazolam, literature values of f, =0.024
[38] and A= 0.80 [18] were used for adults.

Tissue : plasma partition coefficients (k,) and volume

of distribution

Tissue : plasma partition coefficients (k,) were scaled
from rat to humans according to a previously presented
four-compartment model (Figure 1) [18] representing
the anatomical structure of the tissues. In brief, the four
compartments are cells, interstitial space, capillary
plasma and capillary erythrocytes. The physiological
parameters are the relative volumes of these compart-
ments and the interstitial-to-plasma concentration ratio
of albumin, whereas the drug-related parameters are the
r. and the unbound fractions in plasma (f,) and in the
cells (f,cr).- The parameter used for scaling of k, from
rat data to humans is the f, ., which is calculated from
the measured k, in a model for the rat tissue and then
applied in a corresponding model for the human tissue.
The model equations are presented in reference [18].

Steady-state k, values for theophylline determined in
rats [39] ranged between 0.55 and 0.68 in brain, heart,
liver, kidneys, spleen and muscle, which in the four-
compartment model for rat tissues gave calculated f, ..,
values of 0.96—1.2. The unbound fraction of drug cannot
exceed 1. Thus, there is no binding to intracellular con-
stituents in these tissues. This was assumed for all tis-
sues except lung and adipose tissue, for which the k,
values were 0.61 and 0.07 [39], respectively. This cor-
responds to drug distribution to plasma, erythrocytes
and the interstitial space only. In these tissues, the con-
centration in the intracellular compartment was assumed
to be zero.

Scaling of the k, values of midazolam from rats to
humans has been described previously [18]. New values
were calculated in the present study since f, varied with
age.

The volumes of distribution at steady state (V) of
the two drugs were calculated as:

‘/dss = 2:1:1 kp,i X ‘/tjs,i (2)

where k,; and V,; are the k, and the physical volume of
the i out of n organs/tissues. For blood, k, equals A. For
intestinal contents, the k, was assumed to equal f,.

Clearance
Based on the urinary metabolite pattern after intrave-
nous administration of theophylline [40, 41], clearance
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Figure 1

The compartmental structures of: (a) the single-tissue model used to scale
k, values from rats to humans; (b) the perfusion-limited whole-body PBPK
model. BLD, Blood; LNG, lungs; BRN, brain; HRT, heart; KDN, kidneys;
SKN, skin; LVR, liver; STM, stomach; GUT, intestines; PSP, pooled spleen
and pancreas; MSC, muscle; FAT, adipose tissue; CRC, ‘carcass’ (rest of the
body)

in adults was assumed to be 15% renal and 85% hepatic.
The renal excretion of midazolam is negligible (<0.1%)
[42]. Unbound intrinsic hepatic clearance (CL,;,
ml min~' per kg liver) was calculated for both drugs in
adult patients, using data from previous studies on theo-
phylline [41, 43] and midazolam [18, 38, 44], according
to the standard equation:

CL,; = (Qu X CL/[fun X (Qu — CLW]  (3)

where Oy, is the estimated total hepatic blood flow, CLy,
is hepatic clearance referenced to concentrations in
whole blood, and f, ;,; the unbound fraction in blood. Qy
and liver weights were estimated for these subjects in
the same way as in the final PBPK modelling. In all but
one study f, was determined in plasma. The data from
St-Pierre et al. [41] were used with the reference f, of
0.56 for theophylline. f, in plasma was converted to f,
by division with A.

The hepatic metabolism of theophylline comprises 8-
hydroxylation, to the metabolite 1,3-dimethyl uric acid
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(45% of total clearance) and demethylation in either the
1- or 3-position (40% of total clearance) [40, 41]. The
former reaction is 80-90% catalysed by CYP1A2 and
10-20% by CYP2EI1, whereas the latter pathways are
catalysed almost exclusively by CYP1A2 [45, 46].
Thus, 92% of the total hepatic metabolism of theophyl-
line in adults was assumed to be due to CYP1A2 and
8% to CYP2EI. In vitro activities (per mg of liver pro-
tein) of CYP1A2 and CYP2E1 have been quantified as
a function of age in livers from infants and children [47,
48]. The demethylation of imipramine was used as a
probe for CYP1A2 activity [48]. Fitting a biexponential
growth function [5] to the original data (% of adult
activity vs. mean age of the liver donors for each age
group) gave the following age factors (age; % of adult
activity): neonate, 5%; 6 months, 51%; 1 year, 63%;
2 years, 81%; and 5 years, 107%. Hydroxylation of
chlorzoxazone was used as a probe for CYP2EI activity
[47]. Fitting the biexponential growth function to the
data gave the estimates: neonate, 2%; 6 months, 43%;
1 year, 48%; 2 years, 57%; and 5 years, 75%. Mida-
zolam metabolism as a function of age was estimated
from in vitro data on CYP3A4 activity (testosterone 6[3-
hydroxylation) [49]. Fitting the biexponential growth
function gave the estimated age factors: neonate, 10%;
6 months, 43%; 1 year, 54%; 2 years, 72%; and 5 years,
101%. From 10 years onward, normal adult enzyme
activity was assumed for all three CYPs.

For each drug and age group, CL,; per kg liver was
calculated as the adult value multiplied by the age factor.
Total hepatic CL was then calculated from CL,;, liver
weight, f,,; and Oy in each age (and sex) group. In the
case of theophylline, this was done separately for the
CYP2E1 and CYPIA?2 isoforms and the values were
added. One further elimination pathway of theophylline,
methylation to caffeine, is of importance only in infants.
Hepatic CL by this route in neonates has been estimated
to be approximately 2.8 times greater than that due to
metabolism by CYP1A2 plus CYP2EI [10]. Thus, this
extra CL was added. Based on urinary excretion of caf-
feine and its metabolites in proportion to theophylline
metabolites [50], the increment in CL due to methyla-
tion was set to 10% in 6-month infants.

Finally, the hepatic extraction ratio (£) was calculated
from:

E = CLbl/ QH (4)
Renal clearance (CL;) of unchanged theophylline was
estimated from:
CLgechitay = [(GFR g X futgenira)/
(GFR i X futgaquin)] X CLggaqury 5)
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Data on glomerular filtration rate (GFR), measured as
mannitol clearance, as a function of age were obtained
from the literature [24]. CLgqu) Was 15% of total CL
in the adult (see above). The fraction of theophylline
excreted unchanged in the urine (f,) was calculated by
dividing CL; with total CL.

PBPK modelling

The perfusion-limited recirculatory whole-body PBPK
model (Figure 1) has been described previously [18].
The only novel feature is the incorporation of the renal
clearance of theophylline. The model was developed
using MATLAB software (version 6.0; MathWorks,
Natick, MA, USA), with the SIMULINK graphical
interface, on a Pentium IIl-based personal computer.
The model comprised the arterial and venous blood,
lungs, brain, heart, kidneys, skin, liver, stomach, intes-
tines, pooled spleen and pancreas, muscle, adipose tis-
sue, and ‘carcass’ compartments. Hard bone (bone
mineral; BNE) was left out of the model, whereas the
rest of the skeletal tissue, i.e. connective tissue and red
bone marrow, was included in the ‘carcass’ compart-
ment. The yellow, or fatty, bone marrow (BMA) was
included in the adipose tissue compartment.

Pharmacokinetic data from children

Data on the disposition of theophylline [50-57] and
midazolam [58-61] in infants and children in various
age groups were obtained from the literature. Studies
were included only if the drug had been given intrave-
nously, if plasma concentrations had been determined
by a specific method, and if blood sampling and phar-
macokinetic modelling were deemed adequate. Data
from premature children were not included, nor were
findings from studies in which other drugs, medical
procedures or very severe illness could reasonably be
expected to influence the disposition of the drug. When-
ever possible, values of age, Vy, (or in some cases
Vi), CL and terminal #,,, for individual patients were
obtained from tables or read off graphs. However, in one
study on theophylline, data were available only as
mean £ SD [56], and in another, individual #,,, values
were shown but there were only mean * SD data for age
[57]. In the studies on midazolam, data were generally
only available as mean £ SD.

Statistical evaluation of the predictions

The accuracy and precision of the predictions were
tested by comparison with corresponding measured
parameter values. In the case of theophylline the percent
prediction error (PE) of Vg, CL and ¢,, was calculated
from:



PE = 100 x [(P — M)/M] (6)

where P is the predicted and M is the measured value.
The accuracy (bias) was estimated as the median pre-
diction error (MPE) and the precision as the median
absolute prediction error (MAPE) [62]. The 12 patients
studied by Eriksson et al. [56], for whom no individual
parameter data were given, were all given the mean
parameter value.

The simulations on midazolam could not be evaluated
in the same way, since individual parameter data were
rarely given in the original publications. Instead, the
simulated curves were compared with the mean + SD of
the published data.

Results

The estimated body composition of the children and
adults are shown in Table 1. The ‘carcass’ compartment
comprised 8-16% of total body weight (11-16% in
males and 8—12% in females). The estimated blood flow
parameters are given in Table 2. The calculated was low
in the neonates and was not related to age in the other
groups. Table 3 shows the capillary and interstitial vol-
umes of the organs/tissues. The blood volume in the
capillaries amounted to 42—-51% of total blood volume.
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Table 3 also lists the calculated k, values of the two
drugs. For most organs/tissues there was a small pro-
gressive decrease in k, with age (k, values for ages
between neonate and adult are not shown). This was due
to a decrease in f, (Table 4). The k, values for muscle
and adipose tissue were also influenced by the changes
in interstitial vs. cell volume fraction. A lower intersti-
tial volume and a higher percentage of fat in adipose
tissue led to a lower k, for theophylline and a higher &,
for midazolam. This is most apparent from the compar-
ison of the values in the two highest age groups. In
younger children the higher f, tends to obscure this
effect.

The CL,; of theophylline estimated from data in [41]
and [43] was 50 and 53 ml min™" per kg liver, respec-
tively. The value used in the PBPK modelling was
52 ml min™' kg™'. The CL,; values for midazolam, were
nearly 400-fold higher: 19.3 [18], 21.7 [38] and 16.9
[44] 1min'kg™" liver. The intermediate value of
19.3 1 min™' kg™' was used.

Table 4 lists the estimated pharmacokinetic parame-
ters for theophylline and midazolam. The CL values
were used as input data in the PBPK modelling, together
with the organ/tissue weights, blood flows and k; values.
The calculated hepatic extraction ratio (£) of both drugs

Table 1

Organ/tissue weights (kg), body weights and total extracellular water in both sexes (M/F) in the different age groups

Neonate 6 months 1 year 2 years 5 years 10 years 15 years Adult

Organ  (M/F) (M/F) (M/F) (M/F) (M/F) (M/F) (M/F) (M/F)

BLD? 0.16/0.15 0.35/0.31 0.48/0.42 0.54/0.49 0.74/0.72 1.44/1.25 2.23/1.72 3.07/2.08
BRN 0.35/0.35 0.75/0.71 0.94/0.87 1.12/1.03 1.29/1.19 1.36/1.25 1.39/1.28 1.45/1.30
HRT 0.02/0.02 0.04/0.04 0.05/0.05 0.07/0.06 0.09/0.09 0.15/0.15 0.26/0.23 0.33/0.25
LNG 0.06/0.05 0.12/0.12 0.16/0.17 0.24/0.24 0.34/0.32 0.43/0.50 0.90/0.75 1.20/0.95
LVR 0.12/0.13 0.27/0.25 0.36/0.34 0.48/0.46 0.59/0.59 0.87/0.89 1.35/1.33 1.80/1.40
KDN 0.03/0.03 0.05/0.04 0.06/0.06 0.09/0.08 0.11/0.10 0.18/0.18 0.25/0.24 0.31/0.28
SKN 0.17/0.16 0.29/0.27 0.34/0.32 0.41/0.39 0.55/0.53 0.80/0.81 2.01/1.66 3.30/2.30
STM 0.01/0.01 0.02/0.02 0.02/0.02 0.03/0.03 0.05/0.05 0.09/0.09 0.14/0.14 0.15/0.14
GuUT 0.05/0.05 0.09/0.09 0.14/0.14 0.19/0.19 0.34/0.34 0.58/0.58 0.82/0.82 1.02/0.96
- cnt? 0.14/0.14 0.23/0.23 0.24/0.24 0.30/0.30 0.30/0.30 0.42/0.42 0.74/0.74 0.90/0.85
PSP 0.02/0.01 0.03/0.03 0.05/0.05 0.07/0.07 0.09/0.09 0.14/0.15 0.24/0.23 0.29/0.25
BNE 0.17/0.17 0.40/0.38 0.59/0.59 0.85/0.82 1.26/1.26 2.30/2.30 4.05/3.70 5.50/4.00
BMA 0.00/0.00 0.00/0.00 0.02/0.02 0.03/0.03 0.16/0.16 0.63/0.63 1.48/1.38 2.48/1.80
MSC 0.80/0.80 1.35/1.35 1.90/1.90 2.83/2.83 5.60/5.60 11.0/11.0 24.0/17.0 29.0/17.5
FAT 0.89/0.89 2.97/2.85 3.64/3.23 3.76/3.72 5.00/5.00 7.50/9.00 9.50/16.0 14.5/19.0
CRC 0.56/0.37 1.08/0.56 1.20/0.76 1.62/1.18 2.18/1.35 3.51/3.41 7.35/6.48 7.70/6.95
BW* 3.55/3.33 8.03/7.25 10.2/9.18 12.6/11.9 18.7/17.7 31.4/32.6 56.7/53.7 73.0/60.0
ECw¢ 38/39 27/27 29/29 29/29 27/26 23/23 22/22 21/20

*Excluding blood in capillary spaces in the organs. *Gut contents. ‘Body weight (kg). ‘Extracellular water (% of BW).
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Table 2

Organ blood flows (I min™ kg™ tissue), cardiac output, cardiac index, and total hepatic blood flow in the different age groups

Neonate 6 months 1 year 2 years 5 years 10 years 15 years Adult
Organ  (M/F) (M/F) (M/F) (M/F) (M/F) (M/F) (M/F) (M/F)
BRN 0.50/0.50 0.70/0.70 0.70/0.70 0.70/0.70 0.81/0.81 0.68/0.68 0.54/0.52 0.54/0.52
HRT 0.79/1.08 (in all age groups)
LNG® 0.16/0.16 (in all age groups)
LVR® 0.59/0.57 0.49/0.47 0.41/0.39 0.36/0.35 0.32/0.30 0.28/0.28 0.28/0.27 0.25/0.25
KDN 1.34/1.08 2.82/2.36 2.97/2.53 2.93/2.52 3.43/2.79 3.94/2.78 4.21/3.25 4.00/3.49
SKN 0.16/0.16 0.16/0.16 0.16/0.16 0.16/0.16 0.16/0.16 0.16/0.16 0.12/0.12 0.12/0.12
STM 1.25/1.13 1.05/0.94 0.88/0.78 0.77/0.70 0.68/0.60 0.60/0.56 0.60/0.54 0.53/0.50
GUT 2.11/2.05 1.78/1.70 1.49/1.41 1.31/1.27 1.15/1.09 1.02/1.02 1.01/0.97 0.90/0.91
PSP 2.18/2.11 1.85/1.75 1.56/1.45 1.36/1.29 1.18/1.11 1.06/1.05 1.07/1.00 0.93/0.92
BNE 0/0 (in all age groups)
BMA 0.024/0.026 (in all age groups)
MSC 0.039/0.039 (in all age groups)
FAT 0.024/0.026 (in all age groups)
CRC 0.084/0.090 (in all age groups)
Ccoc 0.58/0.55 1.35/1.22 1.68/1.52 2.06/1.90 2.88/2.63 3.90/3.74 5.77/5.15 6.79/5.69
cr 2.55/2.52 3.41/3.31 3.57/3.46 3.69/3.54 3.81/3.62 3.58/3.36 3.55/3.32 3.59/3.44
Qy € 0.22/0.21 0.38/0.35 0.45/0.41 0.53/0.50 0.72/0.68 1.04/1.04 1.55/1.45 1.72/1.52

*Bronchial artery. *Hepatic artery. “Cardiac output (I min™). ‘Cardiac index (I min™ m™). <Total hepatic blood flow (I min™).

increased with age during the period of liver enzyme
maturation. That of theophylline remained very low in
all age groups, whereas that of midazolam was low in
the infants and rose into the intermediate range in chil-
dren and adults.

Predicted plasma concentration curves of theophyl-
line are shown in Figure 2, which also demonstrates
the close agreement between model-predicted and
measured plasma concentrations in male adults.
Figure 3 shows V,, CL and the terminal ¢, predicted
by the PBPK modelling as functions of age, in com-
parison with literature data. The MPE for the predic-
tion of Vy, was 3.4% (range —25-83) and the MAPE
5.2% (1.8-83) (n =30). For the prediction of CL, the
MPE was —4.0% (—56-212) and the MAPE 23% (1.2—
212) (n = 104). Finally, the MPE for the prediction of
ti, was 24% (=35-575) and the MAPE 24% (1.9-575)
(n=43).

Predicted plasma concentration curves for midazolam
are shown in Figure 4, which also demonstrates the
good agreement between simulated curves for the 2—10-
year-olds and mean concentration data from children
who had received midazolam as premedication before
minor hospital procedures [61]. Finally, Figure 5 shows
Vs, CL and the terminal #,, as functions of age, in
comparison with literature data.
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For both drugs, predicted differences between the
sexes were modest. The calculated V, followed the
amount and characteristics of adipose tissue, being
higher in neonates than in older infants for the hydro-
philic drug theophylline, and lower for the lipophilic
drug midazolam. CL per kg BW was maximal and #,,
minimal at 2-5 years. The changes in ¢, with age were
chiefly due to changes in CL.

Discussion

Creating a comprehensive table of organ/tissue weights
in human beings requires compilation of data of varying
quality from many sources. Obtaining weights of brain,
heart, lungs, liver, kidneys, stomach, spleen and pan-
creas presented no particular problems, since these have
been determined by direct dissection and weighing [3,
11, 32]. However, some organ/tissue volumes must be
determined indirectly. Total blood volume as a function
of age has been measured using '“iodinated serum albu-
min [16]. The weight of skin has been estimated as BSA
multiplied by epidermal plus dermal skin mass thick-
ness in mg cm ™ [11]. According to ICRP, skin thickness
remains constant over the ages of 0—10 years and then
increases markedly during the next 10 years. This is
reflected as a sharp rise in skin mass between the ages
of 10 and 15 (Table 1). The weight of hard bone is
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Table 3
Capillary and interstitial spaces in the organs/tissues and calculated tissue:plasma partition coefficients (k,,) for theophylline and
midazolam
Capillary space Interstitial space Theophylline Midazolam

Organ (fraction) (fraction) k, k,
BRN 0.022 0.10 0.65; 0.59° 1.3; 1.1°
HRT 0.16 0.12 0.68; 0.63° 2.0; 1.6°
LNG 0.53 0.20 0.61; 0.59° 2.0; 1.7¢
LVR 0.14 0.17 0.69; 0.63° 1.9; 1.6°
KDN 0.23 0.20 0.71; 0.66° 1.7; 1.4°
SKN 0.025 0.30 0.74; 0.70° 0.72; 0.63°
STM 0.040 0.10 0.67; 0.61° 3.0; 2.4°
GuT 0.040 0.10 0.67; 0.61° 1.9; 1.5
PSP 0.33 0.10 0.72; 0.67° 1.2; 1.0°
BNE 0 0 0; 0° 0; 0°
BMA As for FAT As for FAT As for FAT As for FAT
MSC

Neonate 0.026 0.33 0.70 0.56

6 months 0.026 0.27 0.69 0.56

1 year 0.026 0.26 0.68 0.55

2 years 0.026 0.25 0.68 0.54

5 years 0.026 0.21 0.65 0.51

10 years 0.026 0.16 0.61 0.46

15 years 0.026 0.16 0.61 0.45

Adult 0.026 0.16 0.61 0.45
FAT

Neonate 0.018 0.54 0.46 2.0

6 months 0.018 0.21 0.19 3.1

1 year 0.018 0.28 0.24 2.9

2 years 0.018 0.30 0.26 2.7

5 years 0.018 0.28 0.24 2.6

10 years 0.018 0.21 0.18 2.6

15 years 0.018 0.16 0.14 2.6

Adult 0.018 0.10 0.093 2.8
CRC 0.026 0.35 0.76; 0.72° 0.74; 0.66°

3In neonates and adults.

calculated from bone mineral weights obtained in mea-
surements of chemical body composition [11]. The
ICRP data were adopted, and bone weights at 0.5 and
2 years were calculated from the bone mineral weights
given by Butte ef al. [14], assuming the same ratio of
bone to mineral weight as in the 1-year-old.

Estimates of muscle mass are based on urinary excre-
tion of creatinine (which is assumed to be proportional
to total muscle mass at all ages). ICRP data from 1975
[32], cited by Haddad et al. [3], and ICRP data from
2003 [11] are very different, giving values of 2 kg for
the 5-year-old in 1975 and 5.6 kg in 2003. The latter
data were used, with linear interpolations between 0 and
I and 1 and 5 years. Adipose tissue weights have been

estimated from measurements of body composition, i.e.
as total weight of body fat divided by percentage fat in
adipose tissue [11]. ICRP [11] data for anatomically
distinct (‘separable’) adipose tissue were adopted for
adults and ages 0, 5, 10 (boys only) and 15 years. For
the age group 0.5-2 years, total weight of adipose tissue
was calculated from other published data on body fat
[13, 14] and percentage fat in adipose tissue [11, 31—
33]. ‘Separable adipose tissue’ was assumed to repre-
sent 95% of total adipose tissue, in accordance with the
ICRP data for 0 and 1 year. For 10-year-old children,
ICRP postulates the same weight of adipose tissue in
boys and girls. However, since girls seem to have a
higher percentage of body fat already at this age [13],
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Table 4

Calculated pharmacokinetic parameters of theophylline and midazolam in the different age groups: unbound fraction in plasma
(f,), volume of distribution at steady state (V4s), hepatic and renal clearances (CL, and CLg), hepatic extraction ratio (E), fraction
excreted (f.) and terminal half-life (t,/,)

Neonate 6 months 1 year 2 years 5 years 10 years 15 years Adult
Parameter (M/F) (M/F) (M/F) (M/F) (M/F) (M/F) (M/F) (M/F)
Theophylline
f, (%) 62 62 62 61 59 57 56 56
Vass (1) 2.2/2.0 3.8/3.3 5.0/4.5 6.5/6.0 9.5/8.8 15/15 28/23 34/25
Cly (ml min™) 0.73/0.73 5.5/5.1 7.0/6.6 12/11 18/18 25/26 38/38 51/40
E (%) 0.42/0.45 1.8/1.9 2.0/2.0 2.8/2.8 3.2/34 3.0/3.1 3.1/3.3 3.7/3.3
Clg (ml min~") 0.44/0.41 1.4/1.2 2.0/1.8 2.7/2.6 3.7/3.5 5.0/5.2 75/7.1 8.8/72
f. (%) 38/36 20/19 22/21 19/18 17/16 17/17 16/16 15/15
ti (h) 19/18 6.0/5.5 6.1/6.1 5.1/5.0 5.0/4.6 5.7/5.7 7.2/6.1 6.7/6.1
Midazolam?
f, (%) 3.1 3.1 3.0 2.9 2.7 2.5 2.4 2.4
Vass (1) 4.0/3.8 14/13 16/14 17/17 23/22 35/39 55/67 79/81
Cly (ml min™") 7.1/7.1 56/52 86/81 134/128 203/200 276/280 416/402 519/423
E (%) 4.1/4.4 19/19 24/25 32/32 35/37 33/34 34/35 38/35
tin (h) 7.1/6.8 4.3/4.2 3.5/3.3 2.8/2.7 2.6/2.5 2.6/2.7 2.7/3.1 3.0/3.5

*for midazolam, CL and f. are negligible.

another 1.5 kg of adipose tissue was added, bringing the
‘carcass’ weight to a similar value in the two sexes.
Yellow (fatty) bone marrow is not developed to any
appreciable extent at ages below 1 year. Weights accord-
ing to ICRP [11] were used.

There is a lack of published data on capillary and
interstitial spaces in humans. Even the ICRP [32]
mainly cites findings from animal studies. Total extra-
cellular space has been measured as chloride ion distri-
bution space in human postmortem samples of muscle,
skin, heart, liver, kidney and brain [29, 30]. The average
extracellular space in muscle was 35% in neonates,
29% in 4-7-month-old infants and 18% in adults
(including one 11- and one 16-year-old boy) [29]. In
Table 3, the extracellular space has been divided into
capillary plasma space (60% of total capillary space;
assumed unchanged with age) and interstitial space,
with interpolation between 6 months and 10 years. No
clear changes of extracellular space with age were
found in the other investigated organs [30]. For adipose
tissue, the changes in interstitial space with age were
calculated from data on lipid content and fat cell num-
ber [31-33]. Estimates of capillary and interstitial space
in the ‘carcass’ compartment are clearly arbitrary. Vas-
cular space is assumed to be similar to that in muscle
and skin, whereas a high extracellular water content is
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postulated, since ‘carcass’ encompasses several body
fluid compartments such as the lymphatic system, red
bone marrow, glands, joints, and pleural and abdominal
cavities. Plasma, interstitial water and gut contents
should add up to the total extracellular water (ECW).
The estimated values (Table 1) lie within the range of
data reported in the literature [13, 14, 32, 34] and illus-
trate the high ECW content of the neonate followed by
an initially steep decline towards the adult values of 20—
22%.

Changes in regional blood flows with age are well
documented for kidneys [25] and have been investigated
to some extent for brain [19-21]. Very limited data were
found for muscle and skin [22, 23]. Otherwise, reported
‘adult’ data were used for all organs except those of the
splanchnic circulation. The assumption that Q;; changes
in proportion to BSA is based on the finding that indocy-
anine green clearance in ml min™' per m* BSA showed
no correlation with age over the period 0.9-30 years
[26]. In addition, the Haycock BSA formula [15] corre-
sponds to an allometric exponent of 0.71 (i.e. BSA is
proportional to BW®™"), and thus the estimated Qj
would also have this relationship to BW. The allometric
exponent for Qp in scaling across animal species is
reported to be 0.89 [63]. Therefore, it is reasonable to
assume that Qy is approximately proportional to BW to
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Figure 2

Predicted arterial concentration-time curves of theophylline in male
patients after intravenous infusion of 4 mg kg™ over 5 min. Predicted
concentration curves for females were similar (see t,/, values in Table 4).
The numbers to the right of the plots denote ages (years) of the
hypothetical subjects. The lowest panel shows the predicted arterial
plasma concentration-time curve in a male adult after intravenous infusion
of 6 mg kg™' of theophylline over 15 min, together with concentration data
from St-Pierre et al. [41]. @, Dose given at 20.00 h; O, dose given at
08.00 h. Mean values, n = 8 in both cases

the power of 0.7-0.9. Our current state of knowledge is
far from satisfactory and the practical and ethical diffi-
culties in obtaining accurate, comprehensive blood flow
data are obvious. In the present case errors in the esti-
mate of Qy have little influence on calculations of CL
for a low-extraction drug like theophylline, but may
become more critical for a medium-extraction drug like
midazolam. However, in infants, due to the low activity
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Predicted pharmacokinetic parameters for theophylline as functions of age,
together with literature data. -—, Males; - - - -, females. (a) Volume of
distribution at steady state (V). (b) Clearance (CL). (c) Terminal half-life
(t1/2). Data sources: (A) [50]; (W) [51]; (@) [52]; (&) [53]; (O) [55]; (O)
[57], mean + SD, (actual age range 9 months to 5 years) [56], adults [41]
and [43]

of CYP3A4, midazolam also becomes a low-extraction
drug (see Table 4).

Finally, the sum of the regional blood flows should
equal CO. In the adult, resting CO is 5.5-7 I min™",
corresponding to a CI of about 3.5-4 1min™' m™ [11,
27]. The calculated values in Table 2 for infants O-
1 year old correspond fairly well to a measured average
Cl in infants of 2.6 1 min™' m™ at 0.2—-2 months rising to
321min" m™ at 11-14 months [28]. Estimates for
infants and children vary widely between other sources
[11, 12, 27]. However, CO is closely related to meta-
bolic rate, and it is reasonable to assume that resting CO
(like Qp) relates allometrically to BW [27]. If this is the
case, and the allometric exponent is close to that of
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Figure 4

Predicted arterial concentration-time curves for midazolam in female
patients after intravenous infusion of 0.2 mg kg™ over 1 min. Predicted
curves for males were similar (see t,, values in Table 4). The numbers to
the right of the plots denote ages (years) of the hypothetical subjects.
Data points in the middle panel are mean plasma concentrations in 14
patients with a mean age of 6.2 years [61], adjusted for dose (from 0.15
to 0.20 mg kg™"). The model has previously been validated for middle-
aged and elderly patients [18]

BSA, then CI should be fairly constant over age. The
estimates for the age range 6 months to adult in Table 2
are in agreement with this assumption.

The technique of PBPK modelling was different for
distribution and elimination. The former was predicted
from first principles, i.e. from animal k, data, f, and
organ/tissue composition in all age groups. The previ-
ously published [18] four-compartment model for the
calculation of k;, allows adjustment of this parameter for
changes in interstitial (or any fractional) volume in a
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Predicted pharmacokinetic parameters for midazolam as functions of age,
together with literature data. -, Males; - - - -, females. (a) Volume of

distribution at steady state (V). (b) Clearance (CL). (c) Terminal half-life
(t,2) Data sources: neonates [59, 60], 4.7 (£ 2.6) years, 4.9
(£ 2.3) years, 5.2 (£ 2.5) years [58], 5.2 (+ 2) years [61], adults [18] [38],
and [44]. Horizontal error bars (for age) are omitted for clarity

tissue. This became a very useful feature in the present
work, since k, is an age-dependent parameter, related to
both tissue composition and f,.

In contrast to Vg, hepatic and renal CL were pre-
dicted by ‘retrograde’ modelling from adult data.
Instead of calculating CL values in infants and children
from in vitro metabolism data or based on the mecha-
nism of renal excretion, findings from studies in adults
were taken as points of departure. The PBPK modelling
was then used to estimate changes with decreasing age.
The assumptions on which this retrograde modelling are
based, e.g. that CL,; in ml min™' per kg liver can be
calculated from published values of total CL, are the
same as in the ‘forward’ modelling, i.e. the prediction
of total CL from CL,; assuming a certain Qy, liver



weight and f,. The publications [18, 38, 41, 43, 44]
chosen for the calculation of CL,; presented the neces-
sary data and are representative of studies in human
subjects.

The choice of retrograde modelling of CL was due to
the paucity of quantitative data on the hepatic metabo-
lism of theophylline or midazolam, or indeed of any
drug, as a function of age, and to the inherent difficulties
in estimating in vivo CL from in vitro experiments. The
principle has been described by Alcorn and McNamara
[4, 5]. However, these authors defined and used an
‘infant scaling factor’ for in vivo CL, whereas in the
present study growth functions were fitted to the in vitro
enzyme activity data. The remainder of the scaling, i.e.
for liver weight, Oy and f,, was part of the PBPK model.
In both cases, the modelling assumes a linear CL (i.e.
first-order elimination) in all age groups. The enzyme
data used here [47—49] are the only activities published
for CYP1A2, CYP2E1 and CYP3A4 as functions of age
in infants. They cover the first year of life in reasonable
detail, whereas activities at ages above 1 year are not
well described. That full enzyme activity has not been
attained at 2 years is supported by the finding [64] that
an ‘adult’ pattern of theophylline metabolite excretion
is not observed until 3 years of age or more.

Ginsberg et al. [10] described a basic PBPK model
(comprising liver, kidney, well-perfused and poorly per-
fused organs and fat) for theophylline and caffeine in
neonates and adults. Hepatic clearances of the two drugs
in the neonate were calculated by the ‘infant scaling
factor’ approach [4, 5] as well as by fitting the model to
in vivo CL data, and the estimates were compared.
Although the model gave a good description of the dis-
position of theophylline in the neonate, it failed to pre-
dict accurately #,, in adults.

Whereas pharmacokinetic data on theophylline were
plentiful, they were more scarce for midazolam. In some
cases the predictions had to be compared with literature
data that did not strictly meet the inclusion criteria listed
in Methods. Data in neonates were available only from
critically ill patients [59, 60]. Parameter values for mida-
zolam were generally also presented only for a group of
patients. These values were judged as acceptable for
model verification if the predicted curves were compar-
atively flat over the pertinent age range.

The calculated Vg, of theophylline was in reasonable
agreement with data from the literature, with a median
bias of only 3.4% (i.e. a slight tendency towards over-
prediction) and a median imprecision of 5.2%. Litera-
ture mean values of Vy in premature infants range
between 0.33 and 1.0 1 kg™ [54], but no data seem to be
available for term neonates. The early fall in the pre-
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dicted curve reflects the rapid loss of excess ECW
during the first months of life [12-14, 32, 34]. For
midazolam literature data on V,, were more variable,
but the model predictions fell mostly within the range
of reported values. The high observed values at 4.7 and
5.2 years [58] are from children who were given mida-
zolam during or after cardiac surgery, where plasma
protein binding may have been compromised by bleed-
ing and fluid replacement (as has been demonstrated for
patients undergoing orthopaedic surgery [18]). The
lower predicted Vg, (in 1 kg™') in women than in men
for theophylline, as well as the higher V,, for mida-
zolam, is explained by the higher percentage of adipose
tissue in the female body. Both findings are in agreement
with literature data [18, 44, 65].

In addition, the calculated total CL of both drugs was
in reasonable agreement with the literature, but as is
evident from Figures 3 and 5, the intersubject variability
in the experimental data was large. In the light of this
and the problems of obtaining reliable data on Qy and
hepatic enzyme activity (as discussed above), the
present modelling cannot be regarded as definitive.
Nevertheless, for theophylline the bias was quite low
with a median underprediction of only 4.0%, and for
midazolam the predictions generally fell within the
mean + SD of the literature values. Similarly as for Vi,
the CL values from the children who underwent cardiac
surgery [58] are of questionable validity; impaired
plasma protein binding should increase CL but drug
interactions with premedication and anaesthesia may
have lowered it.

The predicted renal excretion of theophylline
(Table 4) also corresponded fairly well to experimental
findings in infants and children; 18 £8.5% at 32 =+
15 weeks [50] and 12 + 1.7% at 10-16 years of age [57].
In the neonatal period, the reported f, was higher than
the calculated value, 55 £ 14% at 6.7 = 2.7 weeks of life
[50]. The discrepancy may be due to the fact that the
modelling was based on changes in GFR and f, only.
Urinary excretion in neonates may be higher than
expected from changes in these parameters due to
immaturity of tubular mechanisms, possibly resulting in
a lower capacity to re-absorb theophylline [10].

Terminal ¢, is determined both by the CL and the Vi
of the drug, and thus estimates of 7, to some extent
compound the errors in the estimation of the first two
parameters. Thus for theophylline median bias and
imprecision were higher for #,, than for CL and Vi,
even though the largest prediction errors were due to the
almost implausibly short half-lives reported for some of
the 3-23-month-old infants [53]. Literature mean values
of t,, in premature infants range between 18 and 32 h,
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whereas two term neonates showed half-lives of 14.5
and 8.5 h at 4 and 5 weeks of life [54]. For midazolam,
the predictions for neonates and children were generally
good, whereas t,, in adults was over-predicted, due to
the high calculated value for V.

Predictions in the neonate are complicated by the
rapid changes occurring after birth, not only in ECW,
liver enzyme activity and kidney function, but also
because of anatomical remodelling of the vasculature
from the fetal to the autonomous circulation [12]. The
neonatal period is thus one of change, not a certain time
span during which pharmacokinetics can be predicted
with some degree of certainty. As for the scaling in
general, it is clear that the major changes with age affect
clearance, both hepatic and renal, and these changes in
the latter are the main reasons for changes in #,,. In
comparison, changes in Vg, with age were minor.

As in previous modelling studies [4, 5, 10, 24], the
aim of the present work was to predict average or ‘typ-
ical for age’ values of pharmacokinetic parameters in
the infant and child population. These can then be used
for initial calculation of an appropriate dosing regimen.
Deviations from the average CL and ¢, in individual
patients, illustrated by the data scatters and error bars in
Figures 3 and 5, cannot be predicted by any pharmaco-
kinetic model since they are mainly due to interindivid-
ual variation in the liver CYP content.

In conclusion, a general PBPK model for the predic-
tion of drug disposition over the age range neonate to
young adult has been presented. Tables 1-3 constitute a
reference source of physiological parameter values.
Many of the values are only estimates or educated
guesses. However, in many cases it seems unlikely that
accurate data from humans of all ages will ever be
available. The present compilations have as far as pos-
sible been validated internally. The utility of the model
was demonstrated using two representative drugs with
different physicochemical and pharmacokinetic charac-
teristics, in terms of lipophilicity, f,, tissue partitioning,
hepatic extraction ratio and metabolism by CYP iso-
forms. In keeping with the aim to demonstrate the use
of already available data, literature findings were uti-
lized throughout. Future use of the PBPK model may
further demonstrate its strengths and weaknesses.

No special funding was sought or obtained for this
study.

References
1 Baber N, Pritchard D. Dose estimation for children. Br J Clin
Pharmacol 2003; 56: 489-93.

702 | 59:6 | Br J Clin Pharmacol

10

11

12

13

14

15

16

17

Kearns GL, Abdel-Rahman SM, Alander SW, Blowey DL, Leeder
JS, Kauffman RE. Developmental pharmacology — drug
disposition, action, and therapy in infants and children. New Engl
J Med 2003; 349: 1157-67.

Haddad S, Restieri C, Krishnan K. Characterization of age-related
changes in body weight and organ weights from birth to
adolescence in humans. J Toxicol Environ Health Part A, 2001;
64: 453-64.

Alcorn J, McNamara PJ. Ontogeny of hepatic and renal systemic
clearance pathways in infants. Part I. Clin Pharmacokin 2002; 41:
959-98.

Alcorn J, McNamara PJ. Ontogeny of hepatic and renal systemic
clearance pathways in infants. Part Il. Clin Pharmacokin 2002; 41:
1077-94.

Nestorov I. Whole body pharmacokinetic models. Clin
Pharmacokin 2003; 42: 883-908.

Pelekis M, Gephart LA, Lerman SE. Physiological-model-based
derivation of the adult and child pharmacokinetic intraspecies
uncertainty factors for volatile organic compounds. Regul Toxicol
Pharmacol 2001; 33: 12-20.

Gentry PR, Covington TR, Clewell HJ. Evaluation of the potential
impact of pharmacokinetic differences on tissue dosimetry in
offspring during pregnancy and lactation. Regul Toxicol Pharmacol
2003; 38: 1-16

Price K, Haddad S, Krishnan K. Physiological modeling of
age-specific changes in the pharmacokinetics of organic
chemicals in children. J Toxicol Environ Health, Part A 2003;
66: 417-33.

Ginsberg G, Hattis D, Russ A, Sonawane B. Physiologically based
pharmacokinetic (PBPK) modeling of caffeine and theophylline
in neonates and adults: implications for assessing children’s risks
from environmental agents. J Toxicol Environ Health, Part A 2004;
67:297-329.

The International Commission on Radiological Protection.

Basic Anatomical and Physiological Data for Use in Radiological
Protection: Reference Values, ed. Valentin J. Annals of the ICRP,
Vol. 89. Oxford: Pergamon Press, 2003.

Behrman RE, Kliegman RM, Jenson HP, eds. Textbook of
Pediatrics, 16th edn. Philadelphia: Saunders, 2000.

Fomon SJ, Haschke F, Ziegler EE, Nelson SE. Body composition
of reference children from birth to age 10 years. Am J Clin Nutr
1982; 35: 1169-75.

Butte NF, Hopkinson JM, Wong WW, O'Brian Smith E, Ellis KJ.
Body composition during the first 2 years of life: an updated
reference. Pediatr Res 2000; 47: 578-85.

Haycock GB, Schwartz GJ, Wisotsky DH. Geometric method for
measuring body surface area: a height-weight formula validated
in infants, children, and adults. J Pediatr 1978; 93: 62—6.
Linderkamp O, Versmold HT, Riegel KP, Betke K. Estimation and
prediction of blood volume in infants and children. Eur J Pediatr
1977, 125: 227-34.

Williams LR, Leggett RW. Reference values for resting blood
flow to organs of man. Clin Phys Physiol Meas 1989; 10: 187—
217.



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Bjorkman S, Wada DR, Berling B-M, Benoni G. Prediction of the
disposition of midazolam in surgical patients by a physiologically

based pharmacokinetic model. J Pharm Sci 2001; 90: 1226-41.

Settergren G, Lindblad BS, Persson B. Cerebral blood flow and
exchange of oxygen, glucose, ketone bodies, lactate, pyruvate and
amino acids in infants. Acta Paediatr Scand 1976; 65: 343-53.
Tzourio N, Chiron C, Raynaud C et al. Cerebral maturation during
the first 20 months of life studied with the regional cerebral
blood flow measurements using SPECT. J Nucl Med 1988; 29:
743-4.

Raynaud C, Chiron C, Maziére B et al. Follow up of regional CBF
in children from birth to 18 years with Xe-133. J Nucl Med 1990;
31 (Suppl.): 892.

Wu PYK, Wong WH, Guerra G et al. Peripheral blood flow in the
neonate. 1. Changes in total, skin, and muscle blood flow with
gestational and postnatal age. Pediatr Res 1980; 14: 1374-8.
Fluhr Jw, Pfisterer S, Gloor M. Direct comparison of skin
physiology in children and adults with bioengineering methods.
Pediatr Dermatol 2000; 17: 436-9.

Hayton WL. Maturation and growth of renal function: dosing
renally cleared drugs in children. AAPS Pharm Sci 2002; 2: article
3 (http://www.aapspharmsci.org).

Rubin M, Bruck E, Rapoport M, Snively M, McKay H, Baumler A.
Maturation of renal function in childhood: clearance studies. J Clin
Invest 1949; 28: 1144-62.

Evans WE, Relling MV, de Graaf S et al. Hepatic drug clearance in
children: studies with indocyanine green as a model substrate. J
Pharm Sci 1989; 78: 452—6.

Guyton AC, Jones CE, Coleman TG. Circulatory Physiology: Cardiac
Output and its Regulation, 2nd edn. Philadelphia: W.B. Saunders,
1973.

Sholler GF, Celermajer JM, Whight CM, Bauman AE. Echo doppler
assessment of cardiac output and its relation to growth in normal
infants. Am J Cardiol 1987; 60: 1112—-16.

Dickerson JWT, Widdowson EM. Chemical changes in skeletal
muscle during development. Biochem J 1960; 74: 247-57.
Widdowson EM, Dickerson JWT. The effect of growth and function
on the chemical composition of soft tissues. Biochem J 1960; 77:
30-43.

Baker GL. Human adipose tissue composition and age. Am J Clin
Nutr 1969; 22: 829-35.

The International Commission on Radiological Protection.
International Commission on Radiological Protection, Vol. 23,
Report of the Task Group on Reference Man, ed. Snyder WS.
Oxford: Pergamon Press, 1975.

Soriguer Escofet FIC, Esteva de Antonio |, Tinahones FJ, Pareja A.
Adipose tissue fatty acids and size and number of fat cells from
birth to 9 years of age — a cross-sectional study in 96 boys.
Metabolism 1996; 45: 1395-401.

Friis-Hansen B. Water distribution in the foetus and newborn
infant. Acta Paediatr Scand Suppl 1983; 305: 7-11.

McNamara PJ, Alcorn J. Protein binding predictions in infants.
AAPS Pharm Sci 2002; 4: article 4 (http://
www.aapspharmsci.org).

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Prediction of drug disposition in children I

Shum L, Jusko WI. Effects of obesity and ancillary variables
(dialysis time, drug, albumin, and fatty acid concentrations) on
theophylline serum protein binding. Biopharm Drug Disp 1989;
10: 549-62.

Mitenko PA, Ogilvie RI. Pharmacokinetics of intravenous
theophylline. Clin Pharmacol Ther 1973; 14: 509—13.
Mandema JW, Tuk B, van Steveninck AL, Breimer DD, Cohen AF,
Danhof M. Pharmacokinetic-pharmacodynamic modeling of the
central nervous system effects of midazolam and its main
metabolite a-hydroxymidazolam in healthy volunteers. Clin
Pharmacol Ther 1992; 51: 715-28.

Shum L, Jusko WJ. Theophylline tissue partitioning and volume of
distribution in normal and dietary-induced obese rats. Biopharm
Drug Disp 1987; 8: 353-64.

Tang-Liu DD-S, Williams RL, Riegelman S. Nonlinear theophylline
elimination. Clin Pharmacol Ther 1982; 31: 358-69.

St-Pierre MV, Spino M, Isles AF, Tesoro A, MacLeod SM. Temporal
variation in the disposition of theophylline and its metabolites.
Clin Pharmacol Ther 1985; 38: 89-95.

Smith MT, Eadie MJ, O'Rourke Brophy T. The pharmacokinetics
of midazolam in man. Eur J Clin Pharmacol 1981; 19: 271—

8.

Vestal RE, Cusack BJ, Mercer GD, Dawson GW, Park BK. Aging
and drug interactions. I. Effect of cimetidine and smoking on the
oxidation of theophylline and cortisol in healthy men. J Pharmacol
Exp Ther 1987; 241: 488-500.

Greenblatt DJ, Abernethy DR, Locniscar A, Harmatz JS, Limjuco
RA, Shader RI. Effect of age, gender and obesity on midazolam
kinetics. Anesthesiology 1984; 61: 27-35.

Ha HR, Chen J, Freiburghaus AU, Follath F. Metabolism of
theophylline by cDNA-expressed human cytochromes P-450. Br
J Clin Pharmacol 1995; 39: 321-6.

Tjia JF, Colbert J, Back DJ. Theophylline metabolism in human
liver microsomes: inhibition studies. J Pharmacol Exp Ther 1996;
276: 912-7.

Vieira |, Sonnier M, Cresteil T. Developmental expression of
CYP2E1 in the human liver. Hypermethylation control of gene
expression during the neonatal period. Eur J Biochem 1996; 238:
476-83.

Sonnier M, Cresteil T. Delayed ontogenesis of CYP1A2 in the
human liver. Eur J Biochem 1998; 251: 893-8.

Lacroix D, Sonnier M, Moncion A, Cheron G, Cresteil T. Expression
of CYP3A in the human liver. Evidence that the shift between
CYP3A7 and CYP3A4 occurs immediately after birth. Eur J
Biochem 1997; 247: 625-34.

Kraus DM, Fischer JH, Reitz SJ et al. Alterations in theophylline
metabolism during the first year of life. Clin Pharmacol Ther 1993;
54: 351-9.

Loughnan PM, Sitar DS, Ogilvie RI, Eisen A, Fox Z, Neims AH.
Pharmacokinetic analysis of the disposition of intravenous
theophylline in young children. J Pediatr 1976; 88: 874-9.
Ginchansky E, Weinberger M. Relationship of theophylline
clearance to oral dosage in children with chronic asthma. J Pediatr
1977; 91: 655-60.

Br J Clin Pharmacol | 59:6 | 703


http://www.aapspharmsci.org
http://

53

54

55

56

57

58

59

S. Bjorkman

Simons FER, Simons KJ. Pharmacokinetics of theophylline in
infancy. J Clin Pharmacol 1978; 18: 472-6.

Aranda JV, Turmen T, Sasyniuk Bl. Pharmacokinetics of diuretics
and methylxantines in the neonate. Eur J Clin Pharmacol 1980;
18: 55-63.

Arnold JD, Hill GN, Sansom LN. A comparison of the
pharmacokinetics of theophylline in asthmatic children in the
acute episode and in remission. Eur J Clin Pharmacol 1981; 20:
443-7.

Eriksson M, Paalzow L, Bolme P, Mariam TW. Pharmacokinetics

of theophylline in Ethiopian children of differing nutritional status.

Eur J Clin Pharmacol 1983; 24: 89-92.

Agbaba D, Pokrajac M, Varagic VM, Pesic V. Dependence of the
renal excretion of theophylline on its plasma concentrations and
urine flow rate in asthmatic children. J Pharm Pharmacol 1990;
42:827-30.

Mathews HML, Carson IW, Lyons SM et al. A pharmacokinetic
study of midazolam in paediatric patients undergoing cardiac
surgery. Br J Anaesth 1988; 61: 302—7.

Jacgz-Aigrain E, Wood C, Robieux I. Pharmacokinetics of
midazolam in critically ill neonates. Eur J Clin Pharmacol 1990;
39: 191-2.

704 | 59:6 | Br J Clin Pharmacol

61

62

63

64

65

Burtin P, Jacqz-Aigrain E, Girard P et al. Population
pharmacokinetics of midazolam in neonates. Clin Pharmacol Ther
1994, 56: 615-25.

Reed MD, Rodarte A, Blumer JL et al. and the Pediatric
Pharmacology Research Unit Network. The single-dose
pharmacokinetics of midazolam and its primary metabolite in
pediatric patients after oral and intravenous administration. J Clin
Pharmacol 2001; 41: 1359-609.

Sheiner LB, Beal SL. Some suggestions for measuring predictive
performance. J Pharmacokin Biopharm 1981; 9: 503—12.
Boxenbaum H. Interspecies variation in liver weight, hepatic blood
flow, and antipyrine intrinsic clearance: extrapolation of data to
benzodiazepines and phenytoin. J Pharmacokin Biopharm 1980;
8: 165-76.

Tateishi T, Asoh M, Yamaguchi A et al. Developmental changes in
urinary elimination of theophylline and its metabolites in pediatric
patients. Pediatr Res 1999; 45: 66—70.

Nafziger AN, Bertino JS. Sex-related differences in theophylline
pharmacokinetics. Eur J Clin Pharmacol 1989; 37: 97—100.



